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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 





Symbol 


Metric 


English 


Unit 


Symbol 


Unit 


Symbol 


Length 


I 
t 

F 


meter- _ _ __ _ _ 


m 

sec 
kg 


foot (or mile) 


ft. (or mi.) 
sec. (or hr.) 
lb. 


Time 


second. _ _ 


second (or hour). 


Force 


weight of one kilogram. 


weight of one pound 


Power. _ 


P 


kg/m/sec ... _ _ 




horsepower. _ 


HP. 

M. P. H. 
f. p. s. 


Speed __ 


fkm/hr _ _ _ 




mi./hr 






lm/sec__ 




ft. /sec 



W, Weight, = mg 
g, Standard acceleration of gravity = 9.80665 
m/sec. 3 = 32.1740 ft. /sec. 3 

m W S, 

m, Mass,= — J 

9 &w, 

p, Density (mass per unit volume). G y 

Standard density of dry air, 0.12497 (kg-m~ 4 b, 

sec. 3 ) at 15° C and 760 mm = 0.002378 (lb.- c, 

ft." 4 sec. 2 ). b/c, 

Specific weight of " standard " air, 1.2255 /, 

A kg/m 3 = 0.07651 lb./ft. 3 /x, 



2. GENERAL SYMBOLS, ETC. 

rat 3 , Moment of inertia (indicate axis of the 



radius of gyration, by proper sub- 
script) . 
Area. 

Wing area, etc. 

Gap. 

Span. 

Chord length. 
Aspect ratio. 

Distance from c. g. to elevator hinge. 
Coefficient of viscosity. 



3. AERODYNAMICAL SYMBOLS 

Y, True air speed. 

q, Dynamic (or impact) pressure = % P V 2 

L 



7, Dihedral angle. 
VI Reynolds Number, where Z is a linear 



i, Lift, absolute coefficient C L = 



D, Drag, absolute coefficient C D = 



qS 
D 



qS 



C c =- 



C, Cross - wind force, absolute coefficient 

J7 
qS 

R, Resultant force. (Note that these coeffi- 
cients are twice as large as the old co- 
efficients L c , D c .) 

i w Angle of setting of wings (relative to thrust 
line). 

i h Angle of stabilizer setting with reference to 
thrust line. 



dimension, 
e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, 0° C: 255,000 
and at 15° C, 230,000; 
or for a model of 10 cm chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 
C py Center of pressure coefficient (ratio of 
distance of C. P. from leading edge to 
chord length) . 
P, Angle of stabilizer setting with reference 

to lower wing, = (i t — i w )* 
a, Angle of attack. 
€, Angle of downwash. 
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THE PERFORMANCE OF SEVERAL COMBUSTION CHAMBERS DESIGNED 

FOR AIRCRAFT OIL ENGINES 

By William F. Joachim and Carlton Kemper 



SUMMARY 

Several investigations have been made on single-cylinder test engines at the Langley Memorial 
Aeronautical Laboratory of the National Advisory Committee for Aeronautics to determine the 
performance characteristics of four types of combustion chambers designed for aircraft oil engines. 
Two of the combustion chambers studied were bulb-type precombustion chambers, the connecting 
orifice of one having been designed to produce high turbulence by tangential air flow in both the 
precombustion chamber and the cylinder. The other two were integral combustion chambers, one 
being dome-shaped and the other pent-roof shaped. The injection systems used included cam and 
eccentric driven fuel pumps, and diaphragm and spring-loaded fuel-injection valves. A diaphragm- 
type maximum cylinder pressure indicator was used in part of these investigations with which the 
cylinder pressures were controlled to definite values. The performance of the engines when equipped 
with each of the combustion chambers is discussed. The data presented show the performance for 
speeds from 600 to 1,800 R. P. M. 

The results obtained indicate that aircrafUtype oil engines with suitably designed combustion 
chambers and fuel-injection systems may be operated at speeds around 1,800 R. P. M. without 
encountering excessive explosion pressures. At a speed of 1,600 R. P. M. and with a fuel quantity 
giving 15 per cent excess air in the cylinder, a maximum L M. E. P. of 119 pounds per square 
inch was obtained with a fuel consumption of 0.43 pound per I. HP. per hour. The maximum 
cylinder pressure was 740 pounds per square inch. A minimum fuel consumption of 0.26 pound 
per I. HP. per hour at an L M. E. P. of 52 pounds per square inch and 1,600 R. P. M. was 
obtained with a cylinder head having a bulb-type precombustion chamber. The maximum cylinder 
pressure was 560 pounds per square inch. 

It is concluded that an increase in the specific power output of the high-speed aircraft oil engine 
depends upon the ability to obtain higher mean effective pressures and an improvement in the mechani- 
cal efficiency of the engine. The best performance for the tests reported was obtained with a bulb-type 
combustion chamber designed to give a high degree of turbulence within the bulb and cylinder. 

INTRODUCTION 

The design of combustion chambers to meet the fundamental requirements of high-speed, 
fuel-injection engines is a part of the National Advisory Committee for Aeronautics research 
program for the development of the aircraft oil engine. 

The essential requirements to be met in the design of combustion chambers for high-speed 
oil engines are, first, the fuel spray must be completely distributed throughout the combustion 
chamber; second, the degree of cylinder air turbulence must be sufficient to produce complete 
burning of the fuel in the short time available; and, third, the ignition and combustion of the 
fuel must take place early enough in the power stroke to give high mean effective pressures 
without excessive explosion pressures. (References 1 and 2.) Since November, 1924, reliable 
data have been obtained as to the behavior of fuel sprays when injected into gases under pressure. 
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The National Advisory Committee for Aeronautics, in its investigation of oil sprays for fuel- 
injection engines, has recorded the start, development, and cut-off of sprays by means of high- 
speed moving pictures. (References 2, 3, and 4.) The data obtained from the several researches 
conducted thus far enable the combustion chamber to be more efficiently designed to fit the 
fuel spray selected. 

Other requirements for fuel-injection engine combustion chambers are the same as those 
for any type of engine. Thus, the combustion chamber must be strong enough to withstand 
the explosion pressures. It should also give a uniform dissipation of heat and prevent large 
temperature differences which may lead to cracking of the cylinder head. Particular attention 
should be given to the location of the inlet valve to provide an unobstructed flow of air into the 
engine cylinder. 

If the oil-injection engine is to compete with present-day carburetor engines for aircraft, 
it is necessary that the weight per brake horsepower be reduced to approximately 3 pounds. 
This reduction in weight may be brought about by increasing the speed of the oil engine from 
the relatively slow speeds of around 300 R. P. M. to a speed of 1,800 R. P. M. The attainment 
of this engine speed, if good combustion and fuel economy with low maximum cylinder pressures 
are to be maintained, is complicated, however, by the problems of fuel injection, the degree of 
atomization, spray velocity, turbulence, and the short time available for vaporization and 
ignition of the fuel. For a four-stroke cycle engine running at 1,800 R. P. M. and having an 
injection interval of 30°, the corresponding injection time is approximately 0.003 second. The 
lag of autoignition, as determined for slow and medium speed engines, depends upon the com- 
pression ratio, the combustion chamber, and the fuel-injection system. An average value may 
be taken as approximately 0.020 second. If the performance of the fuel-injection engine is 
to be increased at high engine speeds without excessive cylinder pressures, it is necessary that 
the time lag of autoignition of the fuel be decreased or the entire fuel charge may be injected 
into the cylinder before ignition occurs. Under these conditions combustion will take place at 
practically constant volume, with resulting explosion pressures which may exceed 1,600 pounds 
per square inch. 

In order to avoid these excessive explosion pressures, many engine designers use a pre- 
combustion chamber in which the small volume of air permits only partial combustion of the 
fuel charge, further combustion of the fuel taking place in the cylinder proper. The connecting 
orifice between the two chambers is usually designed to meter the products of the partial com- 
bustion in the precombustion chamber to obtain practically constant pressure combustion in the 
cylinder. 

The use of the connecting orifice between the bulb and the cylinder results, at higher engine 
speeds, in the following losses: First, a friction or pumping loss due to forcing the gases through 
the orifice at high velocity; second, a loss in pressure on the piston caused by the lag of the gas 
pressure; and third, an increase in the heat loss to the jacket water due to the scrubbing action of 
the gases. These losses may be more than compensated for by the increase in combustion 
efficiency obtained by the higher degree of turbulence produced by the orifice. 

DESCRIPTION OF APPARATUS 

TEST ENGINES 

The performance of a given design of combustion chamber is determined at the Langley 
Memorial Aeronautical Laboratory by tests made with single-cylinder test engines having a 5-inch 
bore and a 7-inch stroke. (References 5 and 6.) The engines are coupled to 50-75 horsepower 
electric cradle-type dynamometers. The cylinder heads are bolted to special steel cylinders 
which are bolted to the engine crank case. Standard aircraft engine valves, pistons, and con- 
necting rods are used. Arrangements are provided to maintain fuel, oil, and water temperatures 
at constant values. For the tests reported the water-outlet temperature and oil temperature 
were maintained, respectively, at 140° and 120° F. A general view of the single-cylinder Liberty 
test engine is shown in Figure 1. 
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Fig. 1. — Arrangement of Liberty type test engine and apparatus 



INJECTION SYSTEM 

The fuel-injection systems for the tests reported on cylinder heads designated as Nos. 1 and 
3 comprised a primary gear pump supplying oil at 90 pounds per square inch pressure to a cam- 
actuated impact-type injection pump, and an automatic fuel-injection valve. (Reference 6.) 
The opening pressure and design of the fuel-injection valve control the pressure at which the fuel 
is delivered by the injection pump. The type of injection valve determines the necessary 
opening pressure for maximum efficiency. For the investigation of cylinder head No. 3 a spring- 
loaded injection valve was used having a static opening pressure of 6,000 pounds per square inch. 
The design of this injection valve limits the maximum injection pressure to approximately 6,000 
pounds per square inch. 

CYLINDER HEAD NO. 1 

The first combustion chamber designed for fuel-injection work is shown in Figure 2. The 
design was recommended for test because of its simple construction and uniform shape. Due to 
the Liberty type of valve mechanism used with this cylinder head it was impossible to locate 
a fuel valve centrally in the combustion chamber. The fuel-injection valve used with this 
combustion chamber was spring-loaded and fitted with an impact surface for producing a flat, 
fan-shaped spray. The fuel was injected from a point near the periphery of the combustion 
chamber. This cylinder head was tested with a standard Navy type Liberty piston and a 
compression ratio of 12.7. 

CYLINDER HEAD NO. 2 

Figure 4 shows the outline of the first type of combustion chamber used having a bulb- 
type precombustion chamber. The connecting orifice between the bulb and cylinder was 
1 inch in diameter. This cylinder head was fitted with a standard Army type Liberty 
piston arranged to give a compression ratio of 9.9. The fuel system comprised an automatic 
diaphragm-type fuel-injection valve and an eccentric-driven fuel injection pump. 
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Fig. 6.— Combustion chamber of Universal test engine 
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Fig. 5.— Effect of load on engine performance. Fuel-injection per- 
formance, cylinder head No. 2. Orifice, 1 inch; engine, S. C.-L. 
T.E.; compression ratio, 9.9; operating temperature, standard 



Fig. 7.— Fuel-injection performance, Universal test engine 



CYLINDER HEAD OF UNIVERSAL TEST ENGINE 

The type of combustion chamber shown in Figure 6 was designed for carburetor work on 
the N. A. C. A. Universal test engine. (Reference 5.) The cylinder head was tested using a 
diaphragm-type fuel-injection valve and an eccentric-driven fuel injection pump. The piston 
used was an Army type Liberty piston. The compression ratio of this engine was adjusted for 
the tests reported at 10.2. 
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Fio. 9.— Cylinder head No. 3 assembled on Liberty test engine 
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CYLINDER HEAD NO. 3 

The combustion chamber illustrated in Figures 8 and 9 was designed to give a high degree 
of turbulence within the pear-shaped bulb on the compression stroke and within the cylinder 
on the expansion stroke. This has been obtained by locating the 3^-inch orifice to produce 
tangential air flow in both the bulb and cylinder. The ratio of the volume of air in the bulb 
to the volume of air in the cylinder is approximately one when the piston is on top center. 

In order to determine 'the effects of variations in the degree of cylinder air turbulence on 
engine performance, provision was made in the design for progressively altering the orifice. 
The cylinder head has been tested with a ^-inch sharp-edge orifice, with the orifice edges 
rounded, and the orifice flared to discharge the burning gases from the bulb tangentially over 
one-half the piston area. The compression ratio used for the tests reported was 13.5 to 1, 
which gave a compression pressure of 450 pounds per square inch at 1,000 R. P. M. 

PERFORMANCE MEASUREMENTS 

FUEL 

The fuel used in these tests was a commercial grade of Diesel-engine fuel oil having a 
Saybolt viscosity of 41 seconds and a specific gravity of 0.85 at 80° F. 

ENGINE POWER 

The engine power was determined by means of torque scales graduated to read in 0.2 pound 
intervals and a magnetically operated stop watch and counter. 

The fuel consumption was determined by timing the flow of 200 cubic centimeters of fuel 
with a stop watch. The quantity of fuel delivered per cycle \>y the injection pump for any 
given pump adjustment was determined from the total number of engine cycles passed through 
during the consumption of the 200 cubic centimeters of fuel. 

MAXIMUM CYLINDER PRESSURES 

Maximum cylinder pressures have been determined by a gas balanced-valve type pressure 
indicator. This has been replaced, however, by a diaphragm-type indicator which is operated 
by the pressure of the gases within the engine cylinder. The pressure of the cylinder gases, 
trapped above the diaphragm, is indicated by a calibrated pressure gauge. Since the weight of 
the moving element of the indicator is 0.00044 pound, the exposed area 0.0767 square inch, the 
maximum lift 0.002 inch, and the seat width 0.005 inch, the error in the pressures recorded is 
probably small. Engine tests have shown that it is unnecessary to provide means for cooling 
the diaphragm of this type of maximum cylinder pressure indicator. 

ENGINE PERFORMANCE AND DISCUSSION 

CYLINDER HEAD NO. 1 

The performance of cylinder head No. 1 was an improvement over that obtained with a 
standard Liberty aircraft engine cylinder and a special piston. (Reference 7.) The operation 
of the engine was smoother and no trouble was experienced with cracking of the standard aircraft 
aluminum pistons. 

An improvement in combustion was obtained by directing the flow of the inlet air through 
the inlet valve to produce a definite kind of air flow within the cylinder. (Reference 8.) The 
curves of Figure 3 give the performance of this combustion chamber with and without directed 
air flow. It may be noted that in these tests the I. M. E. P. was increased from 82.0 to 96.0 
pounds per square inch, with a corresponding decrease in the fuel consumption from 0.60 to 0.51 
pound per I. HP. per hour. This increase in performance, obtained by directing the flow of the 
inlet air toward the fuel-injection valve, was thought to be caused by the better removal of the 
products of combustion surrounding the fuel valve. The fuel, therefore, was injected into a 
charge of relatively pure air, which improved the combustion. 

CYLINDER HEAD NO. 2 

The performance of cylinder head No. 2 for various loads and for speeds of 1,200 and 1,800 
R. P. M. is shown in Figure 5. The B. M. E. P. at full load and 1,800 R. P. M. is 71.0 pounds 
per square inch. The full-load fuel quantity is considered as the fuel weight per cycle giving 15 
per cent excess air. The corresponding I. M. E. P. is 106.0 pounds per square inch. This large 
difference in mean effective pressure is caused by the low mechanical efficiency of this single- 
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cylinder test engine. If a mechanical efficiency of 80 per cent is assumed as an average value 
for multiple-cylinder oil engines, the B. M. E. P. is increased to 84.8 pounds per square inch. 
This same factor of mechanical efficiency is responsible for the high fuel consumption when 
taken on a brake-horsepower basis. The linear portions of the I. M. E. P. and B. M. E. P. 
curves indicate that for fuel quantities less than 0.0002 pound per cycle combustion of the fuel 
is practically complete. For fuel quantities greater than this, however, the curves tend to 
flatten, which indicates that the fuel and air are not sufficiently well mixed to obtain efficient 
combustion. Data for the curve of maximum explosion pressures were obtained with a gas 
balanced-valve type of maximum explosion pressure indicator. 

CYLINDER HEAD OF UNIVERSAL TEST ENGINE 

The engine performance obtained with the Universal test engine for variable fuel quantity 
and speeds of 1,500 and 1,750 R. P. M. is shown in Figure 7. Due to the pent-roof type com- 
bustion chamber, it was impossible to distribute the fuel completely with a centrally located 
diaphragm-type injection valve. The results are of interest since they show the engine perform- 
ance obtained with a design of combustion chamber unsuitable for fuel injection but with a 
fuel valve and pump designed to give a high degree of fuel atomization. This engine, due to 
its construction (Reference 5), has a higher mechanical efficiency than the Liberty test engine, 
which accounts, in part, for the higher B. M. E. P. 

CYLINDER HEAD NO. 3 

The curves in Figure 10 give the engine performance of cylinder head No. 3 with a sharp- 
edge orifice for the range of speeds from 800 to 1,800 R. P. M. and for two-thirds and full load. 

The maximum value of 117.0 pounds per square inch I. M. E. P. is at 1,200 R. P. M. and 
full load. The fuel economy is 0.44 pound per I. HP. per hour. The corresponding B. M. 
E. P. values are 77.0 pounds per square inch and 0.65 pound per B. HP. per hour. If a mechan- 
ical efficiency of 80 per cent is assumed, as shown by the curve "Multicylinder engine/ 9 the 
performance values on a brake basis are, respectively, 96.0 pounds per square inch B. M. E. P. 
and 0.55 pound per B. HP. per hour. For two-thirds load the indicated fuel consumption 
curve has the average value, throughout the range of speeds, of 0.35 pound per I. HP. per hour. 

The improvement in engine performance obtained by rounding the orifice edges is indi- 
cated in the curves of Figure 11. It may be noted that the I. M. E. P. at full load, 3 X 10~ 4 
pound per cycle, was increased approximately 4.5 per cent by this alteration to the orifice. 
The maximum cylinder pressures as recorded with the diaphragm-type maximum cylinder 
pressure indicator were maintained constant for both series of tests. At a fuel quantity of 
3.5 XlO" 4 pound per cycle and zero per cent excess air, the maximum cylinder pressure was 
755 pounds per square inch. 

The engine performance coefficient, which is taken as the ratio 

I. M. E. P. 

cyl. pressure X fuel consumption lb. /I. HP./hr., 

has a maximum value of 49.0 at a fuel quantity of 1.5 X 10"~ 4 pound per cycle, which corresponds 
to approximately 130 per cent excess air in the cylinder. As the fuel quantity is increased 
above this value the performance coefficient decreases rapidly because of the decrease in the 
combustion efficiency of the combustion chamber. 

After the edges of the orifice had been rounded the orifice on the cylinder side was flared 
to discharge the gases from the bulb tangentially over one-half the piston area. The curves 
in Figure 12 give the engine performances for this alteration to the orifice. The full-load 
I. M. E. P. was increased to 119 pounds per square inch, and the corresponding B. M. E. P. to 
76 pounds per square inch. The low value of the mechanical efficiency, 63.8 per cent, accounts 
for the wide difference in values of the I. M. E. P. and B. M. E. P. curves. The fuel consump- 
tion, taken on an I. HP. basis, varies from 0.26 to 0.43 pound per HP. per hour for one-fourth 
to full-load fuel quantities, respectively. Flaring the orifice has not appreciably increased the 
maximum value of the performance coefficient over that shown in Figure 11, but the maximum 
value now appears at two-thirds load instead of one-half load, the corresponding percentages 
of excess air within the cylinder being approximately 72 and 132 per cent. This would indicate 
that flaring the orifice permitted the fuel from the bulb to reach more of the air in the cylinder. 
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The fuel consumption of 0.26 pound per I. HP. per hour at one-fourth load, one-fourth 
the fuel weight per cycle at full load, is worthy of note for an engine speed of 1,600 R. P. M. 

Figure 13 shows the variation of engine performance with the bulb-to-cylinder orifice 
flared as noted above for speeds from 600 to 1,800 R. P. M. and for a constant fuel quantit} 7 
of 2.5 X 10" 4 pounds per cycle, which is approximately 83 per cent of the full-load fuel charge. 
The I. M. E. P. throughout the entire range of speeds is approximately 110 pounds per square 
inch and the fuel economy 0.39 pound per I. HP. per hour. The curves of F. M. E. P. 
(motoring) plotted against speed show the large difference between the indicated and brake 
power of this engine. 
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Fig. 12.— Effect of load on engine performance. Fuel-injection perform- 
ance, cylinder head No. 3. Engine S. C.-L. T. E.; orifice, -rV-inch; 
orifice flared to cover one-half piston area; compression ratio, 13.5; 
operating temperature, standard; static opening pressure, 0,000 lb./sq. 
in.; fuel, Diesel oil, sp. gr.=0.847 

POSITION OF FUEL-VALVE NOZZLE 

The effect on engine performance of extending the fuel nozzle into the bulb for distances 
of }4 inch and inch has been determined for the full range of fuel quantities per cycle and a 
speed of 1,600 It. P. M. The tests indicate that the flush or }4-inch extension gave somewhat 
better performance than the 3^-inch extension. An examination of the carbon deposits on the 
walls of the bulb after each engine test indicate that for the flush and }4-mch extensions part 
of the fuel was swept from the nozzle and thrown against the walls of the bulb. The 3^-inch 
extension gave a uniform coat of carbon over the entire surface of the bulb. The engine 
performance data, however, showed that these short extensions did not result in any appreci- 
able gain in combustion efficiency. 
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CONCLUSIONS 

Comparison of the data presented shows 
that the precombustion chamber type cyl- 
inder head, arranged to provide controlled, 
high-velocity air turbulence as in cylinder 
head No. 3, gave the best engine per- 
formance. It is concluded that this type 
of cylinder head gave the highest indi- 
cated mean effective pressures and the 
lowest fuel consumptions per indicated 
horsepower hour with the lowest cylinder 
pressures at all loads and speeds in these 
tests, because the most thorough mixing 
of the fuel and air was obtained and 
high cylinder pressures were prevented 
by this cylinder head design. 

Equal and even superior engine perform- 
ance have been obtained with integral 
combustion chamber type cylinder heads, 
but the cylinder pressures were in excess 
of those for the precombustion chamber 
type cylinder head. 

These tests indicate that improvement 
in the performance of aircraft oil engines 
depends primarily upon the complete 
mixing of well-atomized fuel with the air 
i charge in precombustion chamber type 
cylinder heads and, in addition, upon the 
prompt ignition of the fuel in integral 
combustion chamber type cylinder heads. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., June 9, 1927. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
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pitching 
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Z >X 
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Normal 


X >Y 










yaw 



Absolute coefficients of moment 



D, Diameter. 

p e , Effective pitch 

p g , Mean geometric pitch. 

p s , Standard pitch. 

p v , Zero thrust. 

p a , Zero torque. 

pi I) , Pitch ratio. 

F', Inflow velocity. 

V 8 , Slip stream velocity. 



Angle of set of control surface (relative to neu- 
tral position) , b. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

f } Thrust. 
0, Torque. 
P, Power. 

(If "coefficients" are introduced all 
units used must be consistent.) 
% Efficiency = TV/P. 
n, Revolutions per sec, r. p. s. 
N, Revolutions per minute., R. P. M. 

Effective helix angle = tan" 1 (^~^ 
5. NUMERICAL RELATIONS 



1 HP = 76.04 kg/m/sec.=550 lb./ft./sec. 
1 kg/m/sec. =0.01315 HP. 
1 mi./hr. = 0.44704 m/sec. 
1 m/sec. =2.23693 mi./hr. 



1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1 609.35 m = 5280 ft. 
1 m = 3.2808333 ft. 



